Assembly of adenovirus (Ad) virions is a step-wise process, occurring through an ordered series of intermediates that is thought to resemble the assembly of double-stranded DNA bacteriophages, such as ⌽29, T4, and , in which the virus genome is packaged into preformed capsids (reviewed in references 2, 5, and 27). The assembly of adenovirus virions initiates with the formation of empty, precursor capsids (4, 16) . Formation of immature virions, the next intermediate in the assembly pathway, is generated by the simultaneous insertion of core proteins and the Ad DNA (4, 20) . The virus genome is selectively packaged in a polar fashion starting at the left end of the genome (3, 31) . Subsequent to the insertion of the genome and core proteins, an Ad-encoded endoprotease processes a subset of virion proteins to transform the immature particle into a mature virion, the final infectious form (1) .
The packaging sequence, which mediates the specific packaging of the Ad genome, consists of a series of repeats of adenosine/thymidine-rich sequences, referred to as A repeats (7, 14) . In human adenovirus type 5 (Ad5) the packaging sequence is a 192-bp segment of the genome, positioned between the left-end inverted terminal repeat (ITR) and the start site of the E1A early transcript ( Fig. 1) (15) . The Ad5 packaging sequence contains seven A repeats, designated A1 through A7 (reviewed in reference 23). Genetic analyses, based on deletions and mutations of nucleotides within the packaging sequence, demonstrated that the seven A repeats are functionally redundant for packaging (7, 8, 29) . However, there is evidence to suggest that the A repeats are not functionally identical and that the A1, A2, A5, and A6 repeats are the most crucial for genome encapsidation (7, 8, 29, 30) . Studies using site-directed mutagenesis of the A repeats most important for packaging sequence function have further defined a minimal functional domain, 5Ј-TTTG-(N 8 )-CG-3Ј, designated the bipartite consensus, which is vital for the packaging of the adenovirus genome (29, 30) .
Recent attempts to characterize packaging sequence function in Ad assembly have concentrated on identifying factors that interact with the packaging sequence. The results of electrophoretic mobility shift assays (EMSAs) using minimal packaging sequence probes and nuclear extracts from Ad-infected cells implicate the binding of proteins that are specific to virusinfected cells (21, 33) . The adenovirus-encoded IVa2 protein has been identified as one of the proteins involved in protein-DNA complex formation with DNA probes containing A repeats that are the most crucial to genome encapsidation (33) . Early studies classified IVa2 as a minor component of the mature capsid that exhibited the ability to bind viral DNA (28) . Later studies identified IVa2 as an enhancer of transcription, initiating from the adenovirus major late promoter (MLP), that acts on the MLP by binding to the proximal downstream sequence elements (DE) (32) . Based on the observation that the sequences of the bipartite motifs within the packaging sequence were similar to the DE of the MLP, it was further demonstrated that IVa2 in nuclear extracts of virus-infected cells interacts with probes containing the A1-A2 and the A4-A5 repeats (33) . The ability of IVa2 to associate with the packaging sequence during Ad infection was later confirmed by chromatin immunoprecipitation analysis (24, 26) . IVa2 interaction with the L1 52/55-kDa protein, an Ad-encoded nuclear protein that is required for DNA packaging, further suggested that IVa2 functions in encapsidation of the genome (11, 12) . In addition to the putative role of IVa2 in Ad DNA packaging, the inability of a IVa2-null mutant virus to form capsids suggests that IVa2 is required for capsid assembly (34) . The functions of IVa2 in both of the early stages of Ad capsid assembly as well as in genome encapsidation emphasize its importance in multiple processes during virus morphogenesis. Moreover, the dual functions of IVa2 also indicate an associ-ation between the packaging sequence and the nucleation of the procapsid assembly and suggest that interaction between IVa2 and the packaging sequence plays a major role in the initiation of the Ad assembly process.
Although previous studies have defined specific functional elements within the packaging sequence (14, 22, 29, 30) , very little is known about how IVa2 binds to the complete packaging sequence. Current understanding of this is based on in vitro binding studies with nuclear extracts (21, 24, 26, 33) . These assays were valuable in the identification of multiprotein complexes that are important for Ad packaging, but they did not allow the characterization of IVa2 interaction with DNA in the absence of other packaging sequence binding proteins. Furthermore, the location of the packaging sequence within the E1A promoter has made the study of IVa2 interaction with the complete packaging sequence DNA using nuclear extracts difficult, due to the contamination of E1A promoter binding proteins. Finally, IVa2 functional studies have also been hindered by the difficulty in purifying IVa2 synthesized in virusinfected cells or by recombinant techniques (19, 32) .
To extend the results of the previous studies of IVa2 function, we wanted to quantify the binding of IVa2 to the complete packaging sequence in a purified system. To this end, we purified the first recombinant untagged version of the Ad5 IVa2 protein from a prokaryotic expression system and established an in vitro system to characterize its binding to the adenovirus packaging sequence. We compare IVa2 binding to the A-repeat probes and to the complete packaging sequence probe. The results indicate that the IVa2 protein forms a multisubunit complex on the packaging sequence.
MATERIALS AND METHODS
Plasmid construction. The full-length IVa2 protein coding sequence was amplified by PCR from plasmid pBK-IVa2 (35) using primers 5ЈNAT4a2 (5Ј-CAT GCCATGGAAACCAGAGGGCGAAGACCGGCA-3Ј) and 3ЈAd5IVa2-Xho1 FUS (5Ј-CGCTCGAGTTTAGGGGTTTTGCGCGCGCGGT-3Ј). The PCR product was digested with NcoI and XhoI (New England Biolabs) and then inserted into pTYB4 (New England Biolabs) to create pTYB4-IVa2.6. The Ad5 nucleotide sequence 200 to 397, encompassing the packaging sequence, was amplified by PCR using primers 5Ј-PS(200) (5Ј-GGAAGTGACAATTTTCGC G-3Ј) and 3Ј-PS(397) (5Ј-AACACCTGGGCGAGTCTC-3Ј) and cloned into the vector pCR-Blunt II-TOPO (Invitrogen) according to the manufacturer's protocol to create vector pCRBT-FL.1. The integrity of the inserts in the constructed plasmids was verified by DNA sequencing (University of Michigan Sequencing Core).
Cells, viruses, and bacterial strains. The Escherichia coli strain BL21-CodonPlus RIL (Stratagene) was used for recombinant protein expression. 293 cells, a human embryonic kidney cell line expressing the adenovirus E1A and E1B proteins, were grown and maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (10) . The growth and manipulation of wildtype Ad5 were performed as previously described (9) .
Preparation of adenovirus-infected whole cell and nuclear extracts. 293 cells were infected with 5 PFU per cell of Ad5. Twenty-four hours postinfection, whole cell lysates or nuclear extracts were prepared as previously described (13, 33) .
Western blotting analysis. Approximately 15 g of total cell lysates were boiled in 3ϫ sodium dodecyl sulfate (SDS) sample buffer, separated by 9% SDS-polyacrylamide gel electrophoresis (PAGE) (18) , and transferred to a nitrocellulose membrane. The IVa2 protein was detected as previously described (26) .
Expression and purification of recombinant IVa2 protein. Recombinant IVa2 protein fused to an intein tag at the carboxy terminus was isolated from cultures of E. coli using the New England Biolabs IMPACT-CN system protocol. Briefly, the expression strain was grown in 3 liters of Luria broth in the presence of 100 g/ml ampicillin and 20 g/ml chloramphenicol to an optical density at 600 nm of 0.65 to 0.80. The cultures were then induced with isopropyl-␤-D-thiogalactopyranoside at a final concentration of 0.5 mM for 16 h at 4°C. The cells were harvested, frozen, and stored at Ϫ80°C until lysis. The bacterial pellet was lysed in 75 ml lysis buffer (20 mM HEPES, pH 7.9, 500 mM NaCl, 0.5 mM EDTA, 0.1% Triton X-100, 20 M phenylmethylsulfonyl fluoride, 5 g/ml aprotinin, 5 g/ml leupeptin) by passage through a French press. The cell debris was separated from the soluble protein by centrifugation at 14,000 ϫ g for 10 min at 4°C, and the cleared lysate was then added to 25 ml of a 50% slurry of chitin beads (New England Biolabs) equilibrated in lysis buffer. The protein was bound to the beads by batch method for 1 h at 4°C with shaking. The protein-bound beads were added to a column, allowing the unbound proteins to flow through, and then the beads were washed with 10 column volumes (CVs) of lysis buffer containing 1 M NaCl, followed by the addition of 3 CVs of lysis buffer containing 150 mM NaCl. The protein was then cleaved off the column via the addition of lysis buffer containing 150 mM NaCl and 50 mM dithiothreitol (DTT).
The eluted protein was concentrated in Amicon ultra-15 concentrators (Millipore) and further purified on a Mono S 4.6/100 PE column (GE Healthcare) equilibrated with buffer containing lysis buffer with 150 mM NaCl. The protein was eluted with a linear salt gradient from 150 mM to 1 M NaCl over 20 CVs. The fractions containing the recombinant IVa2 protein were pooled and concentrated before the addition of glycerol to 10% and storage at Ϫ80°C. Protein purity was assessed by 9% SDS-PAGE followed by detection with ProtoBlue (National Diagnostics) stain. The protein concentration was calculated by using a Bio-Rad protein assay using bovine serum albumin (BSA; Sigma) as a standard.
Preparation of mobility shift probes. Forty-two-to 45-bp double-stranded probes of sections of the packaging sequence were created by the annealing of single-stranded oligonucleotides. The A1-A2, A2, A3, A4-A5, and A5-A7 probes correspond to Ad5 nucleotides 238 to 279, 260 to 300, 280 to 320, 315 to 358, and 335 to 380, respectively. The double-stranded probe for the hexon coding region contained nucleotides 19981 to 20021. The full-length packaging sequence probe for the mobility shift assays was generated by PCR amplification. The bluntended amplicon was generated with Pfx polymerase (Invitrogen) using primers 5Ј-PS(200) and 3Ј-PS(397) and purified from a 2% agarose gel using a QIAGEN gel extraction kit. The probes were end-labeled with [␥-32 P]ATP using T4 polynucleotide kinase (New England Biolabs) in buffer containing 50 mM TrisHCl (pH 9.0), 10 mM MgCl 2 , 5 mM DTT, 45 Ci [␥-
32 P]ATP (6,000 Ci/mmol; GE Healthcare), and 1 mM spermidine and then purified on a Sephadex G-25 spin column (Roche). The double-stranded oligonucleotides were consistently labeled with an estimated specific activity of 2,000 to 3,000 cpm/fmole DNA, while the complete packaging sequence probe had a consistent label of 1,000 cpm/fmole DNA. To compare the binding of purified protein to nuclear extracts, reactions were performed essentially as described previously (26) , with the following modifications: all reactions were performed in a 20-l volume containing 1 g BSA, 5 ng probe, and 250 ng poly(dI-dC). The products were analyzed on a 4.5% polyacrylamide gel as previously reported (33) .
Mass spectrometric analysis. Trypsin digestion and tandem mass spectrometry (MS/MS) analysis were performed by the Michigan Proteome Consortium.
RESULTS
Expression and purification of a full-length recombinant IVa2 protein. We used the IMPACT system from New England Biolabs for the initial capture step in the purification of the recombinant IVa2 protein expressed in E. coli. In this system, the recombinant IVa2 protein was expressed as a preprotein species fused with a carboxy-terminus tag comprised of a chitin binding domain and an internal intein protease domain ( Fig. 2A, lane 3) . After binding to a chitin matrix, the recombinant IVa2 protein was liberated from the tag by the addition of buffer containing DTT (Fig. 2A, lane 4) , leaving four amino acids connected to the carboxy-terminal residue (amino acid 449) of the IVa2 protein. Western blot analysis of the eluted proteins from this purification step using an anti-IVa2 polyclonal antibody that was made against an amino-terminal peptide confirmed that the major protein band at 50 kDa was IVa2 (Fig. 2C) . The similarity of the mobility of the recombinant IVa2 protein to that of the native protein on an SDS-PAGE gel suggested that no undesirable modification of IVa2 occurred during its expression and purification (Fig. 2C) . Although the IVa2 protein from this purification step was nearly 70 to 80% pure, there were two contaminating proteins of approximately 45 kDa and 60 kDa ( Fig. 2A , lane 4) that were not detected by Western blotting. The IVa2 protein was therefore further purified by cation exchange chromatography. After injection and binding, the protein eluted as a major peak around 400 mM NaCl, which corresponded to a buffer conductivity of about 25 to 30 mS/cm (Fig. 2B, lane 5) . Analysis of the recombinant protein by staining of an SDS-PAGE gel showed that the IVa2 protein was further purified away from the 60-kDa protein contaminant (Fig. 2A, lane 5) ; however, the 45-kDa protein band was still present in the sample. Mass spectrometric analysis of this minor 45-kDa species indicated that it is a recombinant IVa2 protein missing a small portion of the amino terminus that was most likely generated by degradation or through the internal initiation of translation near the beginning of the IVa2 coding sequence. In addition, the results from the MS analysis of the purified protein explain the previously observed lack of recognition by the anti-IVa2 serum made against the amino terminus.
Interaction of IVa2 with A-repeat DNA probes. To extend the results of previous studies on IVa2 binding to packaging probes using nuclear extracts from virus-infected cells, we performed EMSA experiments with the purified IVa2 protein and small, 42-to 45-bp overlapping probes containing DNA sequences from the packaging sequence (Fig. 3A) . The results from the EMSA analysis demonstrated that the IVa2 protein exhibited the highest affinity for a probe containing the A1 and A2 repeats (A1-A2) (Fig. 3) . The plot of the steady-state binding data as a function of IVa2 protein concentration produced 
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IVa2 PROTEIN INTERACTION WITH THE PACKAGING SEQUENCE 3449 a sigmoidal curve (Fig. 3B) . Nonlinear regression analysis of the IVa2 protein-DNA binding data produced an estimated half-maximal binding value of 15.4 Ϯ 1.5 nM. The IVa2 protein exhibited a similar affinity for probes containing either the A2 repeat (A2) or the A4 and A5 repeats (A4-A5), albeit at a slightly lower affinity than the A1-A2 probe ( Fig. 3B and C) . The IVa2 protein affinity for these two probes was threefold lower (55 nM) than for the A1-A2-repeat probe. The IVa2 protein had an equally low affinity for probes containing either the A3 repeat (A3) or the A5, A6, and A7 repeats (A5-A7) ( Fig. 3B and C) . The data from IVa2 interaction with the A3 and A5-A7 probes did not produce a sigmoidal binding curve, making the accurate calculation of a half-maximal binding constant difficult, but we estimated that IVa2 affinity for each of these probes was at least fivefold lower than that for the A1-A2 probe (Fig. 3C ). These data indicate that the five probes fall into three IVa2 binding categories, with the A1-A2 probe representing the high affinity probe, the A2 and the A4-A5 probes representing the medium affinity probes, and the A3 and the A5-A7 probes representing the low affinity probes. Competition assays with unlabeled competitor DNA from each of the three binding categories using the A1-A2 radiolabeled probe were performed to determine the specificity of the IVa2 binding to DNA. As shown in Fig. 4 , IVa2 interaction with the A1-A2 probe was not easily disrupted by a 200-fold excess of the A3 probe or a nonspecific probe of similar length corresponding to a sequence from the hexon coding region.
However, this interaction was competed by unlabeled A1-A2 or A4-A5 probe, though the A4-A5 competitor was slightly less efficient.
Sequence specificity of the IVa2 protein binding to the A1-A2 repeats. Previous data from EMSA analyses using adenovirusinfected nuclear extracts demonstrated that the IVa2 protein can form two complexes, designated x and y, on a radiolabeled A1-A2-repeat probe (33) . Formation of the slower-migrating x complex requires the A-repeat TTTG motif, while both complexes require the CG motif. More recent evidence indicates that the x complex contains the L4 22-kDa protein in addition to IVa2, while the y complex contains only IVa2 (21, 26) . To determine if mutation of these motifs also disrupts the binding of IVa2 to DNA in the absence of other nuclear proteins, we analyzed the binding of the purified IVa2 protein to radiolabeled mutant A1-A2 probes (Fig. 5A) . As seen in the results of previous studies with virus-infected nuclear extracts, mutation of the TTTG sequence to TTAC in both the A1 and A2 repeat (probe A1-A2-m1) did not affect binding, while mutation of the CG sequence to AT in the A1 repeat (probe A1-A2-m2) disrupted the IVa2 interaction with the probe (Fig. 5C ). This binding pattern was corroborated by the results of competition assays with unlabeled DNA competitors (Fig. 5D) . Competitors possessing mutations of the two TTTG motifs competed for IVa2 protein interaction with the A1-A2 probe as well as the wild-type competitor did, and the A1-A2-m2 probe, in which the CG motif is mutated, did not efficiently compete for IVa2 binding to the A1-A2 probe. These data demonstrate that the CG motif from the A1 repeat is critical for IVa2 interaction with DNA. We also performed an EMSA experiment in which we directly compared the binding of the purified protein to the IVa2 protein in nuclear extracts (Fig. 5B) . The complex formed by the purified protein corresponds to the y complex, confirming that the y complex does not contain additional protein components and that formation of the y complex requires the CG motif.
IVa2 protein interaction with the full-length packaging sequence. The results from the EMSA analysis using probes with the A repeats suggested the presence of more than one IVa2 binding site. To analyze IVa2 interaction with the complete packaging sequence, we created a DNA probe by radiolabeling a PCR product corresponding to nucleotides 200 to 397 of the Ad5 genome.
We observed IVa2 interaction with the packaging sequence probe at very low nanomolar concentrations and the appearance of more than one shifted complex with increasing amounts of IVa2 (Fig. 6A) . Five complexes formed at 110 nM of IVa2, the concentration of IVa2 in which nearly all the free probe was bound. Additional complexes assembled with increasing amounts of IVa2 beyond 110 nM (data not shown). Nonlinear regression analysis of the binding data yielded a sigmoidal curve, with an R 2 value greater than 0.99 and a half-maximal binding constant at around 11.5 Ϯ 0.8 nM ( 
IVa2 PROTEIN INTERACTION WITH THE PACKAGING SEQUENCE 3451 6B). These results suggest that the IVa2 protein has a very high affinity for the complete packaging sequence region, similar to that for the smaller A1-A2 probe (Fig. 3C) .
To assess the specificity of IVa2 for the probe containing the complete packaging sequence, competition analyses were performed using unlabeled competitor DNA corresponding to the A1-A2, A2, A3, A4-A5, and A5-A7 repeats (Fig. 3A) . In these assays, a concentration of IVa2 protein was maintained at 40 nM, the concentration of protein that produced four to five IVa2-packaging sequence complexes when incubated with the full-length packaging sequence probe. Additionally, we used 100 and 1,000-fold molar excesses of unlabeled DNA for competition due to the length differences between the small A-repeat probes and the packaging sequence and because of the presence of multiple-binding IVa2 binding sites in the packaging sequence. The addition of a nonspecific competitor, such as a probe to a region of the hexon coding sequence (Fig. 7) or increasing amounts of poly(dI-dC) carrier DNA (data not shown), did not disrupt the interaction of IVa2 with the packaging sequence probe. However, the A1-A2 or A2 probes competed for IVa2 binding to the packaging sequence probe, although the A2 probe was slightly less efficient at competing than the A1-A2 probe (Fig. 7) . In addition, the formation of the IVa2-packaging sequence complexes was not efficiently competed by the addition of unlabeled DNA competitors containing the A3, A4-A5, or A5-A7 repeats (Fig. 7) . The inability of an A4-A5 unlabeled DNA competitor to efficiently compete IVa2 binding to the packaging sequence did not correlate with the results of the previous EMSA experiments using a radiolabeled A4-A5 probe (Fig. 3) , which suggested that IVa2 affinity for the A4-A5 probe is similar to its affinity for the A2-repeat probe. In addition, the cold competition results indicated that the slower-migrating complexes that appeared with the addition of increasing amounts of IVa2 protein were also specific, only being disrupted by competition with A1-A2 and A2 probes. quence. In this study, we demonstrated that IVa2 binding to the A-repeat probes in vitro occurred in a hierarchy similar to the proposed functional hierarchy in vivo: IVa2 possessed the highest affinity for probes containing the A1, A2, A4, and A5 repeats, which were previously shown to be the most critical for packaging sequence function in vivo (7, 8, 29) . The sequence requirements for IVa2 binding to the A1-A2-repeat probe were also consistent with the results of previous studies identifying the extended 5Ј-TTTG-(N 8 )-CG-3Ј bipartite consensus as important for A1-A2 function (29) . In addition, the results from EMSA analyses using A-repeat probes indicate that there are multiple IVa2 binding sites within the adenovirus packaging sequence. There are at least two IVa2 binding sites within the packaging sequence, with at least one high-affinity binding site in the A1-and A2-repeat region and one in the region encompassing the A4 and A5 repeats. Although the results from the EMSA analyses indicate that IVa2 has a very low affinity for a probe to the A5-A7 repeats, the higher affinity for the A4-A5-repeat probe suggests that the A4 repeat represents a IVa2 binding site or that IVa2 interaction with the A5 repeat requires the presence of the A4 repeat. In summary, the binding preference of IVa2 for regions and motifs within the packaging sequence that are the most crucial for Ad packaging in vivo suggests that IVa2 mediates the connection between the Ad genome and the rest of the virus packaging machinery. Recent data indicate that the L4 22-kDa protein, a protein of previously unknown function, interacts with the TTTG packaging sequence motifs together with the IVa2 protein (21) . Viruses that lack expression of the L4 22-kDa protein are nonviable and fail to assemble capsids and/or package the viral genome (6, 17, 21) . These data also suggest that L4 22-kDa protein interaction with the IVa2-DNA complex at the TTTG motif is critical for virus assembly. The results of previous DNA binding studies using infected-cell nuclear extracts suggest that IVa2 interaction with the DNA occurs initially at the CG motif of the bipartite consensus, with the ensuing binding of IVa2 to the TTTG motif occurring via augmentation by the L4 22-kDa protein (21, 24, 26, 33) . We observed a similar pattern of binding by IVa2 alone in EMSAs using mutant A1-A2-repeat probes. Mutation of the CG motif significantly decreased IVa2-DNA binding, while mutation of the TTTG motifs had no effect on the IVa2 interaction with the A1-A2 probe, confirming the results seen with nuclear extracts from infected cells (33) .
The results of our previous study using a purified 6-Histagged IVa2 protein demonstrated that IVa2 can directly interact with the packaging sequence (26) . However, we were concerned that the inability of the 6-His-tagged protein to bind to an A5-A7 probe, although the IVa2 from nuclear extracts could bind, was due to the presence of the recombinant tag and a bulky linker region. The results from our current study using a recombinant untagged protein confirm our previous results with the 6-His-tagged IVa2 fusion protein and suggest that the ability of IVa2 to bind to the A5-A7 region of the packaging sequence requires additional proteins.
The data from the EMSA analyses using the complete packaging sequence suggest that multiple IVa2 proteins bind to the packaging sequence, possibly through the sequential interaction of increasing numbers of IVa2 molecules with different binding sites within the packaging sequence. The assembly of these complexes occurred in a step-wise manner (Fig. 6A) . The steady-state binding measurements from our EMSA analyses indicate that the IVa2 protein exhibits a slightly higher affinity for the complete packaging sequence than for the A1-A2 probe. These results, along with the results of the competition assays using unlabeled A1-A2 DNA, suggest that the initial IVa2 binding site on the packaging sequence is within the A1-and A2-repeat region. Furthermore, the failure of a 1,000-fold molar excess of a nonspecific DNA competitor to disrupt the formation of the multiple slower-migrating complexes observed by EMSA suggested that the complexes result from a specific interaction with IVa2 and are not due to a general protein-DNA association. The formation of the higher-order, slower-mobility IVa2 protein-DNA complexes was not efficiently competed by an excess of probe containing the A4 and A5 repeats (Fig. 7) . This result was surprising, since the binding studies using the A-repeat probes indicated that IVa2 possesses an affinity for this probe that is similar to its affinity for the A2-repeat probe (Fig. 3B, C, and 4) . These studies suggest that the complete packaging sequence probe is quite different from the small A-repeat probes that have been previously used to characterize the function of packaging sequence-interacting proteins from nuclear extracts. Moreover, these data underscore the fact that interactions between the adenovirus packaging sequence and cognate binding proteins that are unique to the complete packaging sequence may be missed using smaller probes. Unfortunately, it may not be possible to detect more complicated interactions in nuclear extracts using larger probes, because the packaging sequence overlaps the E1A enhancer and binding of transcription factors is likely to confound the analysis.
Although we do not know the precise structure of the IVa2 protein-packaging sequence complex, the inability of the A3-repeat oligonucleotide to efficiently compete the IVa2 interaction with the packaging sequence probe suggests that IVa2 may not directly interact with the A3-repeat region during complex formation on the packaging sequence. Aside from the A7 repeat, the A3 repeat possesses the least homology to the other A repeats and it was bound poorly by IVa2 in the EMSAs. Furthermore, mutational analyses of the packaging sequence suggest that the A3 repeat does not contribute significantly to DNA packaging (7, 14) . Therefore, the A3 repeat may not represent an important IVa2 binding site, but rather, a region that could function in the critical spatial organization of the A repeats.
The data from the experiments using the full-length packaging sequence as the probe and the data indicating the existence of multiple IVa2 binding sequences within the packaging sequence region suggest that multiple IVa2 proteins bind to the packaging sequence. Furthermore, analysis of the steadystate binding characteristics of IVa2 to the full-length packaging sequence indicates that IVa2 binding to the packaging sequence may be cooperative, due to the sigmoidal shape of the binding curve and to the observation that complete IVa2-packaging sequence complex formation occurred over less than 1.5 logs of IVa2 concentration. This mode of binding is likely facilitated by the close proximity of multiple-binding IVa2 binding sequences within the packaging sequence. In addition, evidence for a cooperative mode of binding is further strengthened by the results of previous cross-linking studies (19) . Therefore, the next step in understanding the role of IVa2 during adenovirus assembly will be to define the specific IVa2 proteinprotein and protein-DNA interaction domains that are required for IVa2 binding to the packaging sequence. It has also been proposed, based on bioinformatic analysis, that the IVa2 protein is an ATPase, possibly functioning as the motor protein for packaging of the viral genome. Mutations in a lysine residue that would be predicted to be involved in ATP binding result in nonviable virus, but a direct demonstration of enzymatic activity has not been reported (25) . The availability of purified protein should facilitate such studies.
